In this study, we investigated the distribution of small photosynthetic eukaryotes in the near-surface layer of the western North Pacific at four stations, including two oceanic stations where the subarctic Oyashio and subtropical Kuroshio currents influence a transition region and the bay mouth and head of the Sendai Bay, from April 2012 to May 2013. Flow cytometry was applied to sort small photosynthetic eukaryotes (<5 μm), and high-throughput sequencing of 18S rDNA was performed. Our taxonomic analysis showed that 19/195 operational taxonomic units (OTUs) were frequently distributed among all sites. Composition analysis showed that the OTUs had characteristic patterns and were divided into four main groups. Two groups reflected the low-saline water and winter season, with the characteristic OTUs belonging to diatoms; Chaetoceros and Leptocylindrus were characteristic of low saline water, and two diatom genera (Minidiscus and Minutocellus) and Cryptomonadales-related OTUs were prevalent in the winter. Our results indicate that the community composition of small photosynthetic eukaryotes seasonally changes in a dynamic manner according to variations in water properties.
INTRODUCTION
There is growing recognition of the importance of small eukaryotes in marine environments (Worden and Not 2008; Caron et al. 2012; Worden et al. 2015) . Among these small eukaryotes, photosynthetic organisms have been recognized as a significant component due to their high biomass (Marañon et al. 2001) , carbon fixation capability (Jardillier et al. 2010 ) and rapid production capacity, which comprises up to 33% of the global net primary production (Worden and Not 2008) . The eukaryotic picophytoplankton, measuring <3 μm in size (Vaulot et al. 2008) , and nanophytoplankton, measuring 2.0-20 μm in size (Sieburth, Smetacek and Lenz 1978) , are major components of the small photosynthetic eukaryotes. Such small cells have buoyant force due to their high surface : volume ratio and they serve as a source of organic carbon in the euphotic layer rather than larger phytoplankton such as microphytoplankton (e.g. diatoms), which contribute to biogeochemical transportation as a result of sinking into deeper layers (Worden et al. 2015) . Besides their small cell size, the predominance of eukaryotic picophytoplankton in primary production within the upper euphotic zone (>15% solar radiation) emphasizes their importance in the surface food web (Rii et al. 2016) . Furthermore, the ecological functions shared among prominently diverse small photosynthetic eukaryotes (i.e. functional redundancy) contribute to the robustness of biogeochemical cycling of surface ocean ecosystems.
The application of molecular approaches to marine samples (Giovannoni et al. 1990 ) has expanded our knowledge of the diversity of small photosynthetic eukaryotes despite the inherent limitations of these analytical techniques and their throughput capacity (Stoeck et al. 2006; Not et al. 2009; Lee et al. 2014) . Use of the highly conserved 18S rRNA gene has enabled better taxonomic identifications compared with pigment analysis using high-performance liquid chromatography (HPLC), which can only taxonomically identify to the class level (Andersen et al. 1996; Mackey et al. 1996) . By applying clone library construction and fingerprinting techniques to detect environmental DNA, marine small phytoplankton have unexpectedly been shown to comprise microflora (Díez, Pedrós-Alió and Massana 2001; Vaulot et al. 2008) . However, methodological difficulties are encountered upon use of molecular techniques to estimate community compositions and microbial diversity in nature. A major limitation is the unexpected detection of DNA from larger organisms. The cells of some larger organisms are readily broken down under pressure during filtration; thus, their DNA may contaminate smaller size fractions. Their species-specific morphology appears to be slender in shape, and the cellular plasticity and reduced cell size in particular phases during the life cycle also explain why these organisms pass through filters to contaminate smaller size fractions (Li 1990; Vaulot, Romari and Not 2002) . Another limitation is related to the sampling and analysis effort required, where a low coverage of sequence variation will lead to an incorrect estimation of diversity and community composition (Romari and Vaulot 2004; Countway et al. 2010; Lie et al. 2014) . To obtain better estimates of microflora diversity, flow cytometry (FCM) is a powerful method employed to sort small phytoplankton cells based on accurate detection of optical properties, such as fluorescence from photosynthetic pigments and light scattering that reflects specific cellular structures (Campbell 2001; Marie et al. 2010) . In addition, highthroughput sequencing techniques known as next-generation sequencing (NGS) can process a hundred-or thousand-fold more sequences than Sanger sequencing (DeLong et al. 2006) . Thus, NGS is appropriate for the exhaustive detection of diverse small phytoplankton (Cheung et al. 2010; Egge et al. 2013; de Vargas et al. 2015) . Therefore, a combination of FCM sorting to detect small phytoplankton and subsequent 18S rDNA NGS analysis can effectively assess the community composition of small photosynthetic eukaryotes. However, only a few studies have applied these methods to marine samples (Marie et al. 2010; Shi et al. 2011; Kawachi et al. 2016) .
Over the past decade, the diversity of small photosynthetic eukaryotes has been studied by comparing geographically distinct sites based on snapshots of the dominant taxa in the world's oceans. These studies have demonstrated a heterogeneous composition of small photosynthetic eukaryotes between coastal and oceanic regions (Cheung et al. 2008; Wu, Huang and Zhong 2014a; Wu et al. 2014b; de Vargas et al. 2015) . Some of these studies have shown that changes in environments due to meteorological conditions, mesoscale mixing and episodic events (e.g. freshwater discharge and phytoplankton bloom) can affect community composition and formation (Massana et al. 2004; Not et al. 2004; Romari and Vaulot 2004; McDonald et al. 2007) . Although geographical and event-specific variation of small photosynthetic eukaryotic composition have both been reported in the abovementioned studies, the temporal dynamics of the small photosynthetic eukaryotic community is still largely unknown (Martiny et al. 2006; Worden and Not 2008) .
The Oyashio Current and the Kuroshio-Oyashio transition (Transition) regions are located in the westernmost area of the western subarctic Pacific, where the subarctic Oyashio Current encounters the subtropical Kuroshio Current (Yasuda 2003) . This region has complex water systems, which are influenced by the different physical characteristics of the Coastal Oyashio Water (COW) and the Tsugaru Warm Current (TWC) as well as the two previously mentioned strong currents (Hanawa and Mitsudera 1987) . In addition to the seasonal change in the physicochemical properties, there occasionally occur warm-core rings (WCRs), which are separate from the Kuroshio branch, and they are a characteristic of this region. In the Oyashio Waters (OW), massive phytoplankton blooms are observed every spring, composed mainly of larger sized diatoms (Kasai et al. 1997; Saito, Tsuda and Kasai 2002) . The primary productivity of pico-size phytoplankton (<2 μm size fraction) exhibits seasonal variation, with the lowest in winter and the highest in spring, although there are no clear seasonal variations in chlorophyll a concentrations (Liu, Suzuki and Saito 2004) . Recently, the picophytoplankton community composition has been studied in this region. However, most previous studies employed pigment-based techniques to identify picophytoplankton groups, such as FCM and HPLC analyses, and focused only on the periodic spring phytoplankton bloom (Sato and Furuya 2010; Suzuki et al. 2011) or on a snapshot of the front region between the Oyashio and Kuroshio currents (Clayton, Nagai and Follows 2014) . Indeed, compositional analyses of small photosynthetic eukaryotes on a year-round scale are quite rare in the western North Pacific (Isada et al. 2009 ).
The aims of this study were to determine for the first time the spatiotemporal distribution patterns and phylogenetic composition of small photosynthetic eukaryotes inhabiting the surface layer within the euphotic zone at the Oyashio site, Transition site and the coastal regions (the bay mouth and head sites of Sendai Bay) located in the western North Pacific. In order to determine the phylogenetic composition of small photosynthetic eukaryotes with a high coverage, we performed high-throughput sequencing based on 18S rDNA via 454 pyrosequencing combined with FCM cell sorting of cryopreserved and concentrated seawater to facilitate the selective detection of small photosynthetic eukaryotes. 
MATERIALS AND METHODS

Sampling and sample treatments
Sampling was conducted at C5 (38.03
• N, 141.08 (Table 1) . Seawater was collected with a Niskin bottle, which was attached to a conductivitytemperature-depth (CTD) profiler, from the sea surface, i.e. to 1 m at C5 and C12 and to 10 m at A4 and A21, and was prefiltered through a plankton net (5 μm mesh size) to remove large plankton. The cells in the 3-10 L of filtrate were concentrated to 50-100 mL (i.e. 40-200 times concentrated theoretically; Supplementary Table S2 ) by tangential flow filtration (TFF; Vivaflow 200 cartridge equipped with a 100 000 MWCO RC membrane; Sartorius, Germany) in order to reduce the processing time following FCM sorting and to collect rare plankton. The concentrated sample was mixed with dimethyl sulfoxide (DMSO; Nakarai Techs, Japan) at 5% of final concentration followed by incubation at room temperature for 15 min, then cooled to -35
• C at a rate of -1
• C min -1 in a controlled rate freezer (Bio-Cool IV40, FTS systems). Finally, the frozen sample was cryopreserved in liquid nitrogen (-196 • C). The hydrographic data, chlorophyll a fluorescence, seawater temperature and salinity were obtained from the CTD profiler. The location of the WCR was based on the quick ocean conditions bulletins issued by the Japan Coast Guard during the study period.
FCM and cell sorting of small photosynthetic eukaryotes from cryopreserved samples
A flow cytometer (EPICS ALTRA, Beckman Coulter, Germany) equipped with a cell sorter and an argon laser (excitation wavelength: 488 nm) was used to analyze the specimens. The small photosynthetic eukaryotic fraction was selected by comparing the side angle scatter of the PMT5 (for detecting chlorophyll a fluorescence)-positive cells with that of fluorescent beads (3 μm diameter: Flow-Set Pro, A63942, Beckman Coulter, Germany) on the cytogram as shown in Fig. 2 , which serves as a representative example of all sites in May 2012, and 2500 cells were sorted into a 0.2 mL PCR tube according to the procedure outlined in Kawachi et al. (2016) . Whole genome amplification, construction of 18S rDNA library and sequencing
Genomic DNA was extracted from each specimen using an alkaline lysis and neutralization method (Zhang et al. 1992) and amplified with Genomiphi V2 (GE Healthcare Life Sciences, USA) in order to obtain sufficient DNA from all samples. The amplified genomic DNA was purified by ethanol precipitation and dissolved in RNase-free and DNase-free water (Nippon Gene, Japan). To amplify eukaryotic 18S rDNA, we used the primer set 545F and 1119R (Kawachi et al. 2016 ) with a fusion primer that included a multiplex identifier (MID). An amplicon of approximately 580 bp were extracted from the agarose gel and purified using the QIAquick Gel Extraction Kit (Qiagen, Germany) and used for 454 pyrosequencing at the Gene Research Center of the University of Tsukuba via a GS Junior System (Roche Diagnostics, USA) in accordance with the manufacturer's instruction. The GS Junior Titanium emPCR Kit (Lib-L; Roche Diagnostics, USA) was used for library construction. The raw sequences were deposited in the DDBJ Sequence Read Archive (DRA) in the DNA Data Base of Japan (DDBJ) under accession no. DRA004439.
Processing of pyrosequencing reads
All of the forward-oriented reads generated in this study were processed with the software package Claident ver. 0.2.2015.03.11 (Tanabe and Toju 2013) as described previously with a slight modification (Kawachi et al. 2016 ; see also pipeline provided as Supplementary Document). Briefly, the sequence reads were separated according to their MIDs, quality controlled by filters that removed reads containing any single mismatch and ambiguous bases in the MID tag or primer sequences, and were trimmed at the 3 -end at a minimum quality value of 27, which is caused during pyrosequencing, to avoid constructing error OTUs (Kunin et al. 2010) . Then, chimeric reads were removed by UCHIME (Edgar et al. 2011) . Next, remaining reads were used to establish operational taxonomic units (OTUs) by a two-step clustering method (Kunin et al. 2010) using Assams (Tanabe 2012), which is a parallelized extension of the Minimus assembly pipeline (Sommer et al. 2007) . Briefly, at first, reads within a sample were assembled within a 99% similarity cut-off level to remove pyrosequencing errors and to obtain a consensus sequence. Then rank ordered clustering was applied to construct OTUs using a 98% cut-off level. Using BLAST, the consensus sequences were searched against the nr database to remove potential chimeric sequences (Camacho et al. 2009 Guillou et al. 2013 ) to discriminate photosynthetic eukaryotic sequences. Consensus sequences with <80% similarity to the closest relative sequence in the nr database (four sequences) were also discarded as non-18S rDNA genes referring to de Vargas, et al. (2015) , although they applied such criteria for the hypervariable V9 region of 18S rDNA. Taxonomy of the remaining target sequences was identified via alignments using the SILVA database (SSURef˙ver. 123; Quast et al. 2013 ) and sequence aligner SINA (Pruesse, Peplies and Glöckner 2012) followed by a NJ-phylogenetic tree with 5000 times bootstrap constructed using ARB software (Ludwig et al. 2004) . A representative sequence of each OTU was deposited in the DDBJ nucleotide sequence database under accession numbers LC190990-LC191184.
Statistical analysis
Richness was calculated based on frequency count data via model selection, particularly using finite mixture models and a non-parametric model (Chao1) with the CatchAll program (Bunge et al. 2012) . The indices of diversity (Shannon's index: H), evenness (Pielou's evenness: J) and richness based on Fisher's logarithmic series were calculated (vegan package ver. 2.2 in R; Oksanen et al. 2014) . After conducting pairwise comparisons of dissimilarity based on the Bray-Curtis distance, significant clusters among samples were tested by similarity profile analysis (SIMPROF: a clustsig package for R), with P < 0.05 considered statistically significant Gorley 2008, Somerfield and Clarke 2013) , before the distances among samples were visualized using non-metric multidimensional scaling (isoMDS in the MASS package in R). Community differences among the sample grouping categories, such as sites, seasons and groups identified by SIMPROF, were determined by permutational multivariate analysis of variance (PERMANOVA). Next, significant groupings were determined using one-way analysis of similarities (ANOSIM) to compare the degree of difference among the groupings. For the grouping with the highest test statistic of R in ANOSIM, the phytoplankton-related OTUs that contributed to community compositional differences among the groups were detected by similarity percentage analysis (SIMPER in the vegan package). All statistical analyses were performed using R (http://cran.r-project.org).
RESULTS
Hydrographic conditions
Each sampling station was classified into six water systems according to the temperature-salinity profile (Supplementary Fig. S1 ): TWC, OW, COW, Kuroshio Water (KW), the surface layer water system (SLW; which appears on the surface from spring to fall according to Hanawa and Mitsudera, 1987) and low salinity waters (LSW) ( Table 1) . Each offshore station at the Oyashio site (A4) and the Transition site (A21) was characterized by narrow range distributions of salinity and relatively variable temperature during the sampling period. At A4, the salinity ranged from 32.8 to 33.5 but the sea surface temperature (SST) varied according to the season. The highest SST (19.9
October 2012 when the WCR was located between A4 and A21 ( Fig. 1) , and the lowest SST (1.0 • C) occurred in January 2013, which was classified in the COW. At A21, higher salinity Fig. S1 ), thereby indicating the horizontal migration of surface water between the two stations. In Sendai Bay, a wide range of water properties were observed throughout the seasons, where the water properties were similar at the bay head (C5) and bay mouth (C12) during each season, except for July 2012, when lower saline water remained at C5 (31.4) whereas saline oceanic water was observed at C12 (32.9). Less saline waters (<32.0), observed at C5 in May and July 2012 and at C12 during July 2012, were a consequence of freshwater discharge due to steady rainfall from May to June 2012 (Taniuchi et al. 2015) . Salinity increased and temperature decreased from the fall to winter, which resulted in similar water properties at TWC during January 2013 for the two sites. The total concentration of chlorophyll a (Chla) was higher at the Sendai Bay stations (mean±SD: 2.6 ± 0.54 μg mL −1 at C5; mean±SD: 3.4 ± 3.1 μg mL −1 at C12) than at the offshore stations (mean±SD: 0.7 ± 0.59 μg mL −1 at A4; mean±SD: 0.3 ± 0.11 μg mL −1 at A21) ( Table 1 ). The increase in Chla concentration during the spring was prominent at the Sendai Bay stations, especially at C12 where 12-17 times higher Chla concentration was observed in 2012 (5.7 μg mL −1 ) and 2013 (8.4 μg mL −1 ) compared with the lowest season, i.e. summer 2012 (0.5 μg mL −1 ). In addition, slightly higher Chla concentrations were observed at C5, i.e. approximately 1.6 times higher than that in the summer of 2012. By contrast, at the oceanic sites, the Chla concentration only increased in the spring of 2012 at A4 (1.7 μg mL −1 ).
Sequencing statistics and diversity estimates
Among the 20 samples collected during five seasons at four sites, we obtained 572 390 high quality reads (Table 2 ). On average, we obtained more than 10 000 reads from each sample except for in the summer at C12. Based on a 98% similarity level, the total number of OTUs ranged from 126 (in A4) to 194 (in A21). The coverage was calculated from the estimated richness using the best parametric model (BPM), which showed that there was >80% coverage, although the coverage was only 70% during the summer at C12 when the lowest number of reads was obtained (7556 reads). Among the 362 OTUs in total, 195 OTUs (53.9%) were assigned to taxa known to possess photosynthetic metabolism (i.e. phytoplankton). The OTUs included 128 (65.6%) that shared more than 97% similarity with sequences in the PR2 database ( Supplementary Fig. S2 ), whereas the remaining 67 OTUs (34.4%) shared lower similarity (≤97%) with the sequences in the database. The size distributions of the closest related sequences showed that 45 OTUs (35.2%) were highly similar to isolated strains, which had a minor axis of less than 20 μm (nanoor picophytoplankton). The other 55 OTUs (42.9%) were highly similar to environment sequences derived from <20 μm size fractionated samples or from FCM sorting targeting nano-or picophytoplankton (Table 3 ). Figure 3 shows the relative abundance of OTUs in a sample, which were normalized against the total number of samples, and their frequency distributions. Among the 195 OTUs, 113 (57.9%) contributed less than 0.05% per sample in the total read abundance, as shown by the open circles below the dotted line in Fig. 3 . By contrast, the frequency distribution of OTUs showed that 95 OTUs (48.7%) were present in a single sample. Among the abundant OTUs that accounted for more than 0.05% per sample, 19 were detected frequently, appearing 15-20 times, and thus these OTUs were defined as frequent OTUs in the present study (Supplementary Table S1 ).
We found that the total number of OTUs was highest at A21 (194 OTUs), lowest at A4 (126 OTUs), and intermediate at the two stations in Sendai Bay (161 OTUs at C12; 153 OTUs at C5), with high coverage (>95%) ( Table 2 ). The coverage-based richness index (Chao1) for OTUs also had a similar order. However, the frequency-based richness index for the OTUs was lowest at A4 (91 ± 1.7, SE) and highest at A21 (105 ± 1.4, SE). The C12 (101 ± 3.4, SE) value was similar to A21 and relatively higher than C5 (95 ± 1.8, SE). The seasonal profile of the estimated richness varied during the study period, but particularly high values were observed during spring 2012 at A21 and C5 (Table 2) . Estimated Shannon's diversity index (H) varied between seasons at each site, where the highest values were 2.8 at A21 and 2.4 at A4 during the summer. The lowest values were found in the summer at C12 and C5, with respective values of 1.4 and 1.2 (Fig. 4) . The evenness index results were similar to Shannon's diversity index for each sample.
Community composition similarity
Hierarchical cluster analysis showed that the OTU composition of the 20 samples were separated into four significant groups (SIMPROF, P < 0.05; Fig. 5A ). Among the categories with four sites, five seasons, four SIMPROF groups and six water masses, PERMANOVA showed that the OTU communities were significantly different according to the groupings by seasons, SIM-PROF groups and water masses (P < 0.05) ( Table 4) . ANOSIM also detected significant difference for similar groupings compared with PERMANOVA, where the value of R, which indicates the separation level for groupings, was in the order of the SIM-PROF grouping (R = 0.619, P = 0.001) > seasons (R = 0.290, (Table 4) . SIM-PROF groups 2 and 3 mainly comprised samples from the corresponding seasons at the Sendai Bay sites (C5 and C12), except for samples from the summer at the Transition site (A21). SIMPROF group 1, which was the largest group, was represented by samples from the Oyashio (A4) and Transition (A21) sites. In addition, SIMPROF group 4 mainly comprised winter samples from all four sites. These groupings were also observed in the non-metric multidimensional scaling (nMDS) plot, which was supported by a stress value of 17.03 (Fig. 5B) . In addition to the seasons, the OTU compositions in Sendai Bay (C5 and C12) exhibited similar patterns among the groups, i.e. in the order of SIMPROF group 1, group 2, group 3, group 4 and then to group 3. The OTU compositions in Oyashio (A4) were located close to each other across SIMPROF group 1 and group 4 (Fig. 5A) . Moreover, the OTU compositions at the Transition site (A21) were more variable than those at Oyashio (A4), where they crossed the SIMPROF groups 1, 3 and 4. These shifts were often related to several abundant OTUs that were detected specifically in those groups.
Composition of small photosynthetic eukaryotic communities
In total, 22 taxonomic classes of eukaryotic phytoplankton were identified from the five supergroups or divisions/phyla: Stramenopiles, Alveolata, Archaeplastida, Hacrobia and Rhizaria. In particular, 14/22 classes were abundant taxa, accounting for more than 1% of the total sequence reads after the relative abundance was averaged over five seasons at each site (site average) (Fig. 6) . Bacillariophyceae, Cryptophyceae and Pyramimonadales were abundant taxa that existed at all sites, with site-averaged relative abundance of 44-64%, 12-24% and 4-11%, respectively. Dinophyceae was also detected at all geographical locations, with site-averaged relative abundance of 14-18% at oceanic sites (A21 and A4) but only 2-3% at the Sendai Bay sites (C5 and C12). The relative abundance exhibited seasonal shifts in the dominant taxa at all the sites (Fig. 7) . Bacillariophyceae and Cryptophyceae were abundant taxa from summer to winter at all sites. These two taxa were prominent during the fall and winter seasons. Dinophyceae was one of the predominant taxa during spring of 2012 at Oyashio (A4) and during spring of 2013 at both the Oyashio (A4) and Transition (A21) sites. Pyramimonadales was an abundant taxon throughout the seasons at the Sendai Bay sites (C5 and C12), accounting for no more than 21.7% during the fall at C5 (bay head), whereas it was characteristically abundant during the summer at the oceanic sites (A4 and A21). Among the abundant OTUs, which accounted for more than 0.05% of the averaged relative abundance of the sequence reads, the 19 most frequently observed OTUs were in the following taxa: eight in Bacillariophyceae, five in Cryptophyceae, two in Prymnesiophyceae, and one OTU each from Bolidophyceae, Pyramimonadales, Dinophyceae and Chlorarachniophyta (Supplementary Table S1 ). These phytoplankton were observed frequently (at least three seasons) at all sites. In particular, Rhodomonas (OTU10) and Pyramimonas (OTU17) were observed throughout all seasons. Among the remaining abundant OTUs, only nine were observed at all sites, whereas 21 had geographically limited localizations. OTUs that belonged to Guinardia (OTU29), Pedinellales sp. (OTU30) and Eustigmatales sp. (OTU31) were observed only at Oyashio (A4). Bacillariophyceae sp. (OTU32), Coscinodiscus (OTU33), Chrysophyceae clade E222 (OTU34; which is found in anoxic deep-sea basin; Stoeck, Taylor and Epstein 2003) , and Tetraselmis (OTU35) were found only at the Transition site (A21). In Sendai Bay, eight OTUs were observed at both sites, which belonged to Cylindrotheca (OTU36 and 37), Navicula (OTU38), Thalassiosira (OTU39), Dactyliosolen (OTU40), Pedinellales sp. (OTU41), Ankylochrysis (OTU42) and Nephroselmis (OTU43). However, two OTUs were observed only in the bay mouth (C12) and bay head (C5), where the former belonged to Cylindrotheca (OTU44) and Chlorarachniophyceae sp. (OTU45), and the latter belonged to Bacillariophyceae spp. (OTU46 and 47), Chrysophyceae sp. (OTU48) and Chrysophyceae clade LG01-09 (OTU49), which is found in the deep euphotic layer of oligotrophic lakes (Richards et al. 2005 ).
Relative abundance of OTUs that contribute to the SIMPROF groups is shown in Fig. 8 . All of the OTUs that characterized the SIMPROF groups were selected from the abundant OTUs ( Fig. 3 and Supplementary Table S1 ). Seven OTUs belonging to Dinophyceae spp. (OTU18 and 28), Cryptophyceae spp. (OTU10 and 11), Bathycoccus (OTU26) and Bacillariophyceae spp. (OTU32 and 47) were detected specifically in SIMPROF group 1 (Fig. 8) . In SIMPROF group 2, which comprised summer samples from the Sendai Bay stations (C5 and C12), the distinct increase in Chaetoceros (OTU20) and Leptocylindrus (OTU22) was remarkable. At the Sendai Bay sites (C5 and C12), the abundance of various phylogenetic groups increased during the fall and spring of 2013. A single OTU belonging to Cylindrotheca (OTU07) was the most abundant at the bay mouth site (C12), whereas Thalassiosira (OTU03), Skeletonema (OTU05) and Pyramimonas (OTU17) dominated at the bay head site (C5). In addition, different groups dominated neighboring sites in Sendai Bay during the spring of 2013. Particularly, Cryptophyceae sp. (OTU73) dominated at C12, and Bacillariophyceae sp. (OTU46) and Ankylochrysis (OTU42) dominated at C5. Finally, in SIMPROF group 4, Minidiscus (OTU01) was predominant during the winter throughout the sites, especially at the Oyashio site (A4). In addition, Cryptophyceae spp. (OTU12 and 24) exclusively dominated the other sites, although Minutocellus (OTU02) appeared preferentially at the Transition site (C12).
DISCUSSION
Diversity and compositional changes of small photosynthetic eukaryotes
Our analysis showed that the community composition of small photosynthetic eukaryotes differed among biogeographical regions and seasons in the western North Pacific. Our statistical analyses demonstrated that the compositions of small photosynthetic eukaryotes could be grouped into four significant SIMPROF groups, with higher separation levels compared with single grouping categories based on the location, season, or water mass. However, the OTU composition of the two sites in Sendai Bay (C5 and C12) exhibited similar patterns according to the nMDS plot (Fig. 5B) . A possible explanation for the similar patterns may be local scale fluctuations caused by phytoplankton blooms (Romari and Vaulot 2004) , tidal action (Cebrián and Valiela 1999) and terrestrial or freshwater discharge (Wu, Huang and Zhong 2014a) . Indeed, the compositions of SIMPROF group 2 were distinctive at the Sendai Bay sites (C5 and C12) Figure 6 . Relative abundance of 18S rDNA sequence reads at the class level relative to the total OTU reads. Phylogenetic taxa that accounted for <0.05% of the total reads in the site averages were combined as others.
during the summer when less-saline waters dominated due to a long period of rainfall (Supplementary Fig. S1 ; Kakehi et al. 2015; Taniuchi et al. 2015) . In these samples, two centric diatoms had distinctive distributions, Leptocylindrus (OTU22) and Chaetoceros (OTU20), which is genotypically similar to the endosymbiont of Peridinium quinquecorne (Horiguchi and Takano 2006) (Fig. 8 and Supplementary Fig. S3A ). These distinctive, dominant diatoms accounted for 50.5% and 87.6% of total OTU abundance, respectively (Fig. 8) . It is known that Leptocylindrus spp. are distributed throughout the world's oceans but mainly in coastal environments, including the Japanese coast (Nanjappa et al. 2014) where it predominates in surface water characterized by a low phosphate (P) concentration, which resulted in a high N/P ratio after a typhoon passed through Sagami Bay (Tsuchiya et al. 2013) . In the present study, the concentration of P (Table 1 ) and the N/P ratio (3.5 in C5 and 4.7 in C12) were lower than those when Leptocylindrus danicus dominated in Sagami Bay, suggesting a linkage between nutrient concentration and phytoplankton compositional change or horizontal transfer of the surface microbial community entraining wind-driven surface water. For the endosymbiotic Chaetoceros sp., the host Peridinium quinquecorne was absent in our analysis probably due to pre-filtering of the larger fraction (>5 μm). Thus, the OTU identified as Chaetoceros (OTU20) could reflect the dominance of P. quinquecorne in nature. Similar to our observations, a massive bloom of P. quinquecorne developed after heavy rain (Gárate-Lizárraga and Muñetón-Gómez 2008) . It should also be noted that the seasonal patterns in OTU richness and diversity index (H) differed between the two sites. In particular, C5 harbored greater diversity than C12 during the fall (Fig. 4) . These differences were attributable to the relative abundances of several phytoplankton taxa: a single phytoplankton genotype, Cylindrotheca (OTU07), dominated at C12, whereas four phytoplankton genotypes were equally abundant at C5. These results suggested that different community compositions were formed in the minor fractions, even between two nearby sites in the same bay ecosystem (Cebrián and Valiela 1999; Kakehi et al. 2015) . Moreover, another possibility is that OTU20 represents a Chaetoceros species that has never been sequenced. In our study, its sequence was 100% identical to the Chaetoceros endosymbiont of P. quinquecorne; however, only a partial sequence of the V4 region of 18S rDNA was considered in our analysis.
By contrast, at the offshore sites (A4 and A21), the seasonal variation in the OTU composition was lower. At the Oyashio site (A4), with a subarctic water inflow, the OTU richness was relatively lower. This lower richness at a higher latitude has also been reported in microbial flora such as bacteria in the subarctic Pacific (Jing et al. 2013) and among phytoplankton in the Atlantic (Díez, Pedrós-Alió and Massana 2001) and Arctic (Balzano et al. 2012) . Especially, notably lower diversity index (H) and evenness (J) values were found during the winter and spring (Fig. 4) . This indicated that the small photosynthetic eukaryotic community composition was dominated by a small number of phylogenetic taxa during these seasons, similar to the phytoplankton bloom in the Oyashio region where larger size diatoms (i.e. >10 μm) predominated (Kasai et al. 1997; Saito, Tsuda and Kasai 2002; Chiba et al. 2004; Yoshie et al. 2010) . The other offshore site (A21) was characterized by variable composition throughout the study period, especially during the fall when a warm and high temperature water mass known as the WCR was observed (Table 1) . The WCR is a mesoscale eddy that originates from the Kuroshio Current and entrains planktonic organisms (Kawamura, Mizuno and Toba 1986). However, the small phytoplankton community was found to have remarkably low diversity and was dominated by Bacillariophyceae and Cryptophyceae (Fig. 4 and Table 2 ). For example, the dominance of a single genotype of Bacillariophyceae sp. (OTU32), related closely to Pseudo-nitzschia ( Supplementary Fig. S3A ), which has been reported to form a bloom opportunistically in the Atlantic Ocean (Villac et al. 2005) , was remarkable (Fig. 8) . This finding corroborated previous reports showing that the macro-phytoplankton community was dominated by a few taxa such as Bacillariophyceae and Cryptophyceae in the WCR in the transition region (Isada et al. 2009) and that Cryptophyceae was more dominant in the near surface than in the deeper layer (Rii et al. 2016) . In addition, OTU32 was detected only in a single sample among the 20 samples, suggesting that a rare genotype became dominant under the environmental conditions (Caron and Countway 2009) . Such dynamics are a result of the WCR forming a distinctive diatom flora due to the horizontal mixing of the surface communities (Chiang and Taniguchi 2000) , which is dependent on the persistence of the WCR (Kaczmarska, Fryxell and Watkins 1986) . According to these results, the small phytoplankton community may change due to episodic changes in the oceanographic conditions, such as freshwater discharge and WCR, and thus a biogeographically distinctive ecosystem may lead to a heterogeneous distribution in the surface plankton community (Martiny et al. 2006; Hamilton et al. 2008) .
Phytoplankton composition
Our molecularly based composition analysis demonstrated that Bacillariophyceae and Cryptophyceae were dominant among small photosynthetic eukaryotes, while those belonging to Bolidophyceae, Prymnesiophyceae, Dinophyceae and Pyramimonadales were also dominant, albeit their abundance was relatively low in comparison (Figs 6 and 7) . The phylogenetic distributions of small photosynthetic eukaryotes in the ocean surface layer have rarely been investigated in the North Pacific. One study previously demonstrated the dominance of Mamiellophyceae in nano-and pico-sized phytoplankton fractions from the eastern North Pacific and the Arctic during the summer (Balzano et al. 2012) . Another study conducted in the oligotrophic South Pacific demonstrated the predominance of Chlorophyta instead of Bacillariophyceae (Shi et al. 2009 (Shi et al. , 2011 . In addition, in a coastal region of the English Channel, the abundance of stramenopiles, including diatoms, was low among both the nanoand pico-sized eukaryotic phytoplankton during the summer (Marie et al. 2010) . Our NGS analysis considered the seasonal differences in the phytoplankton communities and showed that 19 genotypes were frequently distributed among the Oyashio, Transition and Sendai Bay sites throughout the year, where they comprised a variety of phylogenetic taxa (Supplementary  Table S1 ). Moreover, Bacillariophyceae was the most diverse taxon based on our high-throughput sequencing analysis, accounting for 31/82 abundant OTUs (Supplementary Table S1 ). Thus, Bacillariophyceae was an abundant taxon, both quantitatively and qualitatively, among the small photosynthetic eukaryotes throughout the seasons in the surface layer of this region. This finding is not consistent with previous studies, which indicated that larger phytoplankton communities were frequently dominated by diatoms throughout the year in the Oyashio region (Shinada, Shiga and Ban 1999) and by a remarkable diatom bloom during the spring (Chiba et al. 2004; Hattori-Saito et al. 2010 ).
Season-specific composition
When we focused on the spring in the offshore region, we detected different OTU compositions in spring 2012 and 2013, even at the same site (Figs 5 and 7) . These OTU composition differences were prominent at the Oyashio site (A4), where a Bacillariophyceae taxon was prevalent in 2012 while dinoflagellates and cryptophytes were dominant in 2013. Suzuki, et al. (2011) found that the spring phytoplankton communities, including nano-and picophytoplankton, in the Oyashio region comprised diverse diatom species according to HPLC and microscopy analysis. Here phytoplankton composition changed dynamically based on increased dinoflagellates during the declining period of the spring phytoplankton bloom (Suzuki et al. 2002 (Suzuki et al. , 2005 . A daily succession of phytoplankton composition after this spring bloom was also reported in the eastern North Pacific, although the dominant diatom (Pseudo-nitzschia) was different from that of the present study (Needham and Fuhrman 2016) . Such variations in data may be due to the fact that we collected during a different phase of the spring bloom between the two seasons with a single sample in the spring season. In addition, Okamoto, Hirawake and Saitoh (2010) indicated that the mixing of waters with different origins, such as the COW, yields phytoplankton blooms with distinct compositions. By contrast, Figure 8 . Distribution of the relative abundance of coherent OTUs for groups identified by the SIMPROF tests (SIMPROF group) shown in Fig. 4 . A single OTU that contributed to the SIMPROF group was omitted. The y-axes indicate the relative abundance to the total sequence reads within a sample. The OTU name and the phylogenetic affiliations in parentheses correspond to Supplementary Table S1. at the Transition site (A21), the OTU composition was dominated by dinoflagellates in both of the spring seasons. The preferential distribution of dinoflagellates at the Transition site is supported by previous pigment and phylogenetic analyses conducted in the surface of the Transition region (Isada et al. 2009; Suzuki et al. 2011) and in the Kuroshio-affected transition regions (Clayton, Nagai and Follows 2014; Kok et al. 2014) . It should be noted that the OTU richness was higher during spring 2012 than in 2013 at the Transition site (A21) (Fig. 4) due to the presence of minor OTUs, which comprised less than 0.05% of the total read abundance in 2012. Thus, our results indicated that the small photosynthetic eukaryote community was seasonally variable at the Transition site.
During the winter, when the nutrients were sufficiently abundant due to vertical mixing (Table 1 ; Taniuchi et al. 2015) , the community compositions were similar across all sites, irrespective of geographical and oceanographic differences (SIMPROF group 4 in Fig. 5; Supplementary Fig. S1 ). The lower OTU richness and diversity index at each site compared with the other seasons indicated that the small phytoplankton communities were dominated by fewer OTUs than the other seasons (Fig. 4 and Table 2 ). The centric diatom Minidiscus (OTU01), which was a common and abundant OTU, predominated at the Oyashio site (A4) and bay head (C5), whereas Minutocellus (OTU02) was more dominant at the Transition site (A21). Minidiscus has been reported from the world's oceans, but a species similar to Minidiscuss chilensis was found in a bloom in the Antarctic (Kang et al. 2003) . A comprehensive survey across the North Pacific showed that centric diatoms, such as Chaetoceros spp., Minidiscus spp. and Thalassiosira spp., were frequently distributed in coastal and upwelling eutrophic regions, thereby suggesting that their distribution is nutrient-related (Aizawa et al. 2005) . Cryptophyceae have been rarely reported from coastal to pelagic oceans across the world (de Vargas et al. 2015) besides in the Sanriku region. However, the observed dominance of Cryptophyceae in the bay mouth (C12) corroborated a previous study that showed that characteristic Cryptophyceae marker pigments were present in nutrientsufficient sea surface water before a diatom-dominated spring bloom in the Sanriku region (Suzuki et al. 2011) . Thus, the small phytoplankton composition was less diverse during the winter, but genotypic composition differed among sites, thereby suggesting that environmental factors related to geographical and/or oceanographic conditions may affect the selection of the dominant taxa.
Notable phytoplankton distribution
Cryptophyceae was the second most abundant class, and was distributed widely across seasons at the four sites (Figs 6 and 7) . These results agreed partially with previous sequencing analyses that showed geographically and temporally broad distribution of Cryptophyceae. Such studies sequenced the minor fraction in the V9 region of 18S rDNA of environmental DNA (Massana et al. 2004; de Vargas et al. 2015) . However, pigment analysis in this region showed that cryptophytes contributed to the chlorophyll a concentration, except for a period during the spring phytoplankton bloom (Isada et al. 2009; Suzuki et al. 2011) . In addition, FCM analysis showed the numerical abundance of cryptophytes at the surface of Kuroshio and COW (Sato and Furuya 2010) . Although different methodologies were used, those results support the numerical abundance of Cryptophyceae in this region. Furthermore, occasional geographical and temporal increase in cryptophytes among the phytoplankton community have also been reported in other regions of the South Pacific (DiTullio et al. 2003) and South Australia (Balzano et al. 2015) . Interestingly, our composition analysis detected differences in the distribution of Cryptophyceae at the genotype level. The OTU11 and OTU10 genotypes were characteristic of the SIMPROF group 1, whereas OTU24 and OTU12 were characteristic of the winterspecific group (SIMPROF group 4) (Fig. 8) . The former were preferentially distributed during the fall at the oceanic sites A4 and A21, whereas the latter were dominant during the winter, except at the Oyashio site. Thus, our result suggested that unidentified genotypes may have different niche preferences at the biogeographical and seasonal levels.
Chlorophyta was the fourth most abundant group in the small eukaryotic phytoplankton community including nanoand picophytoplankton (Fig. 6) . In many community compositional analyses targeting partial sequences in genomic DNA, Chlorophyta has been found as the most dominant taxon from the coastal to offshore oceanic waters in pico-sized phytoplankton (Shi et al. 2009; Balzano et al. 2012) . However, this taxon dominates following Dinophyceae, Bacillariophyceae, Dictyochophyceae, and Haptophyta in nano-and picophytoplankton communities (<5 μm) (de Vargas et al. 2015) . The lower relative abundance of Chlorophyta could be explained by their smaller copy number of genomic DNA than larger organisms as per their smaller body size (Zhu et al. 2005; Massana 2011 ). Thus, lower relative abundance of Chlorophyta was reasonable in our 18S rDNA amplicon analysis of nano-and picophytoplankton. Of the Chlorophyta, Pyramimonadales are widely distributed in marine waters but are rarely found in environmental DNA. In our NGS analysis, Pyramimonadales were observed throughout the year at the Sendai Bay sites (C5 and C12), but they were found less frequently during the summer at the oceanic sites A4 and A21 (Fig. 7) . This result is consistent with previous reports that demonstrated the temporal dominance of Pyramimonas from coastal regions. In particular, Balzano, et al. (2015) reported that Pyramimonas-related sequences were found throughout the year in a coastal region located in southern Australia where two water currents meet. In addition, Pyramimonas-related sequences comprised a major taxon in the nanoplankton community at the surface in offshore sites located on a shelf breakage in the Beaufort Sea, where various water masses meet (Balzano et al. 2012) . Pyramimonas isolated from a polar region proliferates over a wide salinity range from 15 to 35 (Daugbjerg 2000) . Recently, more Pyramimonas strains were isolated from a coastal region off Okinawa Island near the Kuroshio Current (Suda, Bhuiyan and Faria 2013) . These studies suggested that adaptation to a wide salinity range is a common physiological feature of Pyramimonas. A Pyramimonas-related OTU (OTU17) was a significant component of the small photosynthetic eukaryotes community in our work, and it was distributed continuously in the Sendai Bay sites throughout the seasons; it was particularly prominent during the summer season at the oceanic sites. In addition, the other Pyramimonas-related OTUs appeared sporadically and were detected in only three samples, thereby suggesting that some more minor, non-isolated strains other than the known pico-size Pyramimonas virginica (Vaulot et al. 2008) are present in this region. In other Mamiellophyceae of Chlorophyta, Bathycoccus and Ostreococcus were majorly detected while Micromonas was found in the minor component ( Supplementary Fig. S3D and Supplementary Table S1 ). Although their relative abundances were small in the nano-and picoeukaryote community (de Vargas et al. 2015) , those genera were previously identified as significant members of the picoeukaryotic phytoplankton community in a variety of marine environments, from polar to tropical regions (English Channel: Marie et al. 2010; East South Pacific: Shi et al. 2009; North Pacific and Arctic: Balzano et al. 2012) . Besides Micromonas, in relative abundance Bathycoccus and Ostreococcus dominated sporadically in the Tara Ocean expedition. In our study, the Bathycoccusrelated OTU (OTU26) also showed outstanding dominance at the mouth of Sendai Bay particularly in the spring (C12, Fig. 8 ), suggesting season-dependent numerical dominance of Bathycoccus (Zhu et al. 2005) . Although relative abundance was low, our NGS analysis followed by FCM sorting and WGA detected notable taxa of Chlorophyta.
Bolidophyceae-related sequences were 7% (6/82) of the abundant OTUs (Supplementary Table S1 ), accounting for 3% of total reads (Fig. 6) . Besides their modest diversity and abundance, two of the obtained Bolidophyceae-related genotypes were closely related to Triparma (Supplementary Fig. S3B ). Specifically, OTU58 was closely related to Triparma pacifica, which is widely distributed in the surface of the world's oceans except for the sub-Arctic and Arctic and the Baltic Sea; in addition, OTU61 was related to a complex of 18S rDNA originating from Triparma laevis, Triparma strigata and Triparma verrucosa (Ichinomiya et al. 2016) . The other OTUs were placed into clades that consisted of the environmental clone ( Supplementary Fig. S3B ). Surprisingly, one Bolidophyceae-related OTU (OTU09), which was identified as environmental clone Clade II, was observed in all sampling sites, even without clear seasonal distribution (Supplementary Table S1 ), suggesting widespread distribution of OTU09-related Bolidophyceae (Ichinomiya et al. 2016) . On the other hand, OTU62, which was closely related to the environmental clone of SGYT1402 ( Supplementary Fig. S3B ) originating from cold waters of the Ross Sea (Lie et al. 2014) , was detected in only two samples from the mouth of Sendai Bay (C12) and Transition site (A21). In addition, it was the second most dominant genotype during the spring at the Transition site (A21) (Fig. 7 and Supplementary Table S1 ). This suggested that OTU62 may preferentially distribute in a warmer offshore environment. Thus, these results suggested that genetically distinct types of not-yetisolated Bolidophyceae would distribute differently in the Sanriku region.
Methodological considerations
The objective of this study was to assess the phylogenetic diversity and temporal distribution of small photosynthetic eukaryotes using high throughput sequencing combined with sorting cells via chlorophyll fluorescence. For translating NGS data, however, potential biases in each step of the analysis need to be considered. First, a concentrating step using TFF is an effective step for FCM sorting of small photosynthetic eukaryotes. This is because such cells are in the minor fraction along with other complex prokaryotes and non-photosynthetic organisms. However, rare taxa are at risk of dropping out from subsequent analyses because fragile cells may become damaged upon passing through the TFF filter system (Barthel et al. 1989) . Second, a cryopreservation step can also possibly induce organism-specific biases because of different cryopreservation efficiency, survival rate (Rhodes et al. 2006 ) and cell morphology (Kawachi et al. 2016) among microbial taxa. Significant differences in the FCM cytograms and the diversity of major OTUs between specimens before and after cryopreservation were not observed (Kawachi, et al. 2016) . Therefore, a combination of FCM cell sorting and subsequent NGS analysis was applied in this study. Third, whole genome amplification (WGA) was applied to extracted genomic DNA in this study. WGA is an effective strategy to amplify the small copy number of genomic DNA; however, interpretation of subsequent compositional analyses of the 18S rDNA amplicon needs to be done carefully because organisms with lower copy numbers of genomic DNA or the 18S rRNA gene may be underestimated (Marie et al. 2010) . WGA bias would differentially affect closely related genera; for example Bathycoccus was preferentially detected as compared with Micromonas and Ostreococcus in Mamiellophyceae of Chlorophyta (Lepere et al. 2011) . To note, Bathycoccus was detected as one of the most abundant taxa (Fig. 8, Supplementary Fig. S3D and Supplementary  Table S1 ); however, Ostreococcus was detected less frequently. In addition, Micromonas was rarely detected in our study (Supplementary Fig. S3D ). On the other hand, OTUs that result from abundant taxa, such as Cryptophyceae Rhodomonas (OTU13 and 14), Chrysochromulina (OTU15 and 16) and Triparma (OTU58 and 61), were rarely detected after WGA in the mixed culture (Lepere et al. 2011) , suggesting that those taxa were abundant in nature or were the outcome of multiple biases in our analysis. As for the bias from WGA, Marie et al. (2010) showed that more than 10 000 cells would reduce the risk of under-detection of low abundant organisms. However, Farnelid, Turk-Kubo and Zehr (2016) accomplished compositional analysis of photosynthetic picoeukaryotes from 2000 cells targeting plastid 16S rDNA. Based on samples of the lowest cell density, we used 2500 cells in each sample for the purpose of avoiding the bias caused by comparison among samples of different cell numbers. Moreover, WGA was needed. Nonetheless, many more cells (e.g. >10 000 cells for one library) might further reduce biases. WGAindependent analyses, such as target-specific analyses of fluorescence in situ hybridization, and qPCR, or shotgun-sequencing metagenomic analysis, would help to estimate their accurate abundance. Finally, possible bias from FCM sorting should be noted. The parasitic Alveolata are genetically diverse and have been detected in small-size fractions (<3 μm diameter) from a wide range of marine environments, in which almost 26% of Syndiniales-related sequences were found in an 18S rDNA clone library (Guillou et al. 2008) . Indeed, the FCM-sorted phytoplankton fraction included parasitic Alveolata-related sequences as per previous studies (Shi et al. 2009; Marie et al. 2010) . A possible explanation for the detection of Syndiniales may be their specific infection of photosynthetic dinoflagellates , which were also detected in a minor fraction of OTUs in our study (e.g. Gymnodinium, Prorocentrum and Suessiales sp.). Another unexpected detection was in heterotrophic eukaryotes that ingest photosynthetic organisms in their food vacuoles and thus could be detected by FCM sorting that targeted chlorophyll fluorescence. As a whole, NGS combined with FCM sorting provided sufficiently sensitive detection to assess the composition of small phytoplankton communities, although this method has inherent multiple biases for accurate estimation of their diversity and relative abundances induced from single or multiple effects of TFF concentration, cryopreservation, WGA and FCM sorting. In order to reduce biases for 18S rDNA community analysis, using minimal steps before NGS analysis (i.e. WGA-free procedures) should provide an error-reduced picture of small photosynthetic eukaryotes community composition.
CONCLUSIONS
We characterized the seasonal and biogeographical patterns of small photosynthetic eukaryotes in the surface layer of Oyashio, Transition and Sendai Bay sites in the Sanriku region located in the western North Pacific throughout the year by referring to oceanographic parameters. The small photosynthetic eukaryote composition changed biogeographically as per occasional oceanographic disturbances such as the WCR, freshwater discharges and the spring phytoplankton bloom, which were characteristic phenomena in the surface layer of this region and implied that small photosynthetic eukaryotes respond to environmental change. Seasonal entrainment of the community composition was observed only in the winter among biogeographically distant sites. We detected 195 genotypes at the 98% similarity level (OTUs), including 67 OTUs that shared low similarity (≤97%) with isolated strains. However, 49% (40/82) of the abundant OTUs had no closely related isolated strains, even in the abundant taxa of Bacillariophyceae, Cryptophyceae and Pyramimonadales. In addition to 71 small photosynthetic eukaryotes (Vaulot et al. 2008) , novel strains remained to be isolated (e.g. Tetraselmis indica, Arora et al. 2013; Prasinoderma singularis, Jouenne et al. 2011) , indicating that construction of isolated cultures allow us to elucidate their unrecognized physiological characteristics. For further understanding of the ecological roles of small photosynthetic eukaryotes in marine ecosystems, comparative studies among multiple layers within euphotic zone (i.e. surface and deep chlorophyll maximum) are warranted.
